The present paper studies the flexural behaviour of hand manufactured hybrid laminated composites with a hemp natural fibre/polypropylene core and two glass fibres/polypropylene surface layers at each side of the specimen. When compared with full glass fibres reinforced polypropylene laminates, the hybrid composites have economical, ecological and recycling advantages and also specific fatigue strength benefits. Static and fatigue tests were performed in three point bending for both laminates to evaluate flexural strength properties and fatigue behaviour. Fatigue damage was measured in terms of the stiffness loss. Failure sites and mechanisms were evaluated through microscopy studies and a 3D numerical analysis using finite element method.
Introduction
Composite laminates offer alternative material design solutions in terms of specific strength and stiffness allowing important weight savings. They also offer significant freedom to the designer by allowing, optimizing the strength and stiffness of a component or structure for a particular application. Furthermore, thermoplastic resins present increased interest due to their economic and mechanical advantages, such as easy fabrication, unlimited shelf life, intrinsic recyclability, high toughness and increased moisture resistance [1] .
Recently an increasing use of composites reinforced with natural fibres [2, 3] has occurred, owing the following advantages: they are strong enough, light in weight, abundant, non-abrasive and cheap [3] [4] [5] . The vegetable fibres are renewable and biodegradable and are available throughout the world. Concerning their intrinsic properties, this type of fibres presents a specific weight that is about half of the weight of glass fibres and a tensile modulus quite similar to aramid fibres [2] . However, the mechanical properties of these fibres are dependent on the cellulose content in the fibre, the degree of polymerisation of the cellulose and the microfibril angle [6] . Fibres with higher cellulose content, higher degree of polymerisation and a lower microfibrillar angle exhibit higher tensile strength and modulus [6] .
Kline's study [7] reported an annual growth rate for natural fibre composites about 60% over the years [2000] [2001] [2002] [2003] [2004] [2005] . The major part of this growth was observed in building applications [6] , where the wood fibre composites present a wide applicability. The automotive industry is also including some components in natural fibres reinforced thermoplastics as a way to serve the environment along with weight and cost savings. Applications of natural fibres in automotive applications have been limited to interior components and truck cabins [6, 8] to replace the components previously made with glass fibre composites [9, 10] .
The hemp fibres were the world's largest agricultural crop in the early 19th century, but the interest in this material has declined with advances in the field of the synthetic fibres. Actually, the interest is returning due to the global environmental issues. These fibres have a strong applicability, for example, in the automotive industry in components like interior door trim panels, engine shields, gaskets, seat parts, etc. Bledzki et al. [11] presents the typical chemical composition and structure of hemp fibres. The values for the mechanical and physical properties of the hemp and the E-glass fibre, for comparison, are presented in Table 1 [12] [13] [14] [15] . According to Van de Velde and Kiekens [13] the fibre properties are influenced by many factors such as: cultivation (variety, climate, harvest, maturity, retting degree), processing (decortication, disintegration) and fibre modification (textile and technical processes).
The lower thermal stability of natural fibres, limits the thermoplastics, whose processing temperature is below 230°C, to be used as matrix [5] . These are, most of all, polyolefines, such as polyethylene and polypropylene [16] . In particular, the polypropylene offers several favorable characteristics like low price, high toughness, low density, relatively high thermal stability, good (di)electrical properties, chemical resistance, easy processing and recycling ability [6, 13, 16, 17] .
Another area of concern relates to the poor moisture resistance and dimensional stability of natural fibres, which can lead to debonding and microcracking in the composite. On the other hand, all polymer composites absorb moisture in humid atmosphere and when immersed in water. The effect of absorption of moisture leads to the degradation of fibre-matrix interface region creating poor stress transfer efficiencies resulting in a reduction of mechanical and dimensional properties. In this case, being hydrophilic, natural fibres need to be treated first to make them more compatible with hydrophobic thermosets and thermoplastics. It has been reported by several authors that modification of fibres improved the mechanical properties of the composites [18] [19] [20] [21] [22] [23] and the sensitivity of certain mechanical and thermal properties to moisture uptake can be reduced [15, 24, 25] . Mwaikambo and Ansell [23] , for example, treated hemp, jute, sisal and kapok fibres with various concentrations of NaOH and found 6% to be the optimized concentration in terms of cleaning the fibre bundle surfaces yet retaining a high index of crystallinity.
The development of hybrid composites is motivated by the ability to combine advantageous features of various fibre systems, improving performance and flexibility, as well as reducing weight and cost. The understanding how the mechanical properties of hybrid composites depend on the constituents have an evident importance for the designers. It is possible to find in the literature several studies for fatigue behaviour of hybrid composites [26] [27] [28] [29] .
The objective of this paper was to study the static and fatigue flexural strength of hybrid laminates fabricated with natural fibre/polypropylene core and glass fibres reinforced polypropylene skins. It is expected that they can offer an equivalent specific stiffness and strength when compared with full glass fibre reinforced polypropylene laminates but with economical, ecological and recycling advantages. The static and fatigue properties of full glass fibres laminates were analyzed in previous works of the authors [30, 31] for tensile loadings. However, flexural strength of the laminates is not only influenced by tensile stresses but also by shear stresses and, therefore, the interlaminar fracture toughness of the interface layers plays an important role.
Materials, experimental and numerical procedure
Laminated composites (LC) sheets formed from multiple layers of Vertotex ''Twintex TPP'' were processed in a mould under a pressure of 5 bar during 10 min, after heating at 190°C (temperature above the melting temperature of the polypropylene). For each sheet seven woven balanced bidirectional layers were used, all in the same orientation as shown in Fig. 1a . Twintex TPP is a woven mat of polypropylene (PP) reinforced with glass fibres type E containing a fibre volume fraction 33.4%. The hybrid laminated composites (HLC) were manufactured in the same conditions, with the following layer sequence: TPP/ TPP/PP/H/PP/H/PP/TPP/TPP as depicted in Fig. 1b . In this case, PP represents a layer of Polypropylene, TPP are layers of Vertotex material and H is another layer with long hemp fibres hand randomly distributed. Non-woven Table 1 Comparative values of physical and mechanical properties of hemp with E-glass fibre [12] [13] [14] [15] hemp fibre mat was first dried at 100°C to remove storage moisture in a fan-assisted oven. The desired amount of preweighed hemp fibre was hand uniformly distributed and placed in the mould. The predicted fibre volume fraction of the core was 12%. The overall nominal dimensions of the mould were 250 · 60 · 3 mm. The mean measured thickness of the manufactured sheets was 3.08 mm with standard deviation of 1.67% for LC specimens and 3.24 mm with standard deviation of 5.76% for the HLC specimens. Quality control was done by visual inspection of both colour and void content.
The specimens used in the static and fatigue three point bending tests, were cut from these plates, being the bending stresses oriented with one fibre direction of the skins. Fig. 2a shows the dimensions of the specimens while Fig. 2b shows a schematic view of the three point bending apparatus.
The static tests were performed in an electromechanical Zwick, model 1435, with a displacement rate of 5 mm/s according the recommendations of ASTM D 2344 Standard [32] . Four specimens were tested for each material (LC and HLC). The fatigue tests were carried out at room temperature in an electromechanical machine where the frequency and stress ratio can be changed. A load cell was used to monitor the load. The load wave was sinusoidal with constant amplitude, having a stress ratio of R = 0.25 and a frequency of 10 Hz.
The nominal bending stress (r) was calculated using:
being P the load, L the span length, b the width and h the thickness of the specimen. A 3D numerical analysis was performed, considering only 1/4 of the specimen along with adequate boundary conditions. The physical model considered in the numerical analysis is presented in Fig. 3 For hybrid laminated composites (HLC) three different material layers were considered, each having a thickness of 1 mm. The inside layer was made of PP reinforced with natural fibres and the other two were made of Twintex TPP composite. On the other hand, for the laminated composite (LC) sheets, only a 3 mm thick layer of Twintex TPP was considered. The materials were assumed to be continuous, homogeneous and with orthotropic linear elastic behaviour. All the orthotropic properties that are essential for this study are presented in Table 2 . The main orthotropic directions are coincident with Cartesian coordinate system indicated in Fig. 3 .
The physical model was analyzed by the finite element method using commercial finite element package MARC-MENTAT 2003 [33] . Linear isoparametric elements with full integration were considered. Fig. 4 presents a finite element mesh having a total number of 27320 elements and 32509 nodes.
Results and discussion
The flexural properties of the laminated and hybrid laminated composites were obtained by 3PB static tests. Typical load-displacement curves for both materials are plotted in Fig. 5 . Both materials show a nearly fragile behaviour with a non-linear region only at the end of the tests and a sudden drop of the stress after peak stress was reached. The zigzag aspect of the load-displacement curve, for LC laminates, denotes a more stable propagation regime than the one observed for hybrid composites. This behaviour indicates the existence of different damage mechanisms. Table 3 presents the results obtained in 3PB static tests, the average values and the standard deviation. The laminate composites (LC) present an ultimate strength about 4% higher than the hybrid composites (HLC), while the Young's modulus was about 3.8% higher. The variation of bending strength is associated with the changes in failure mechanisms. Specific mass of LC and HLC laminates was obtained using the Archimedes principle. The values obtained were 1.48 g/cm 3 and 1.16 g/cm 3 for LC and HLC composites, respectively. Considering these values, the specific flexural strength and flexural stiffness are around 22% higher in HLC composites than in LC laminates.
Typical pictures of the different failure mechanisms observed for laminated and hybrid laminated composites are presented in Fig. 6a and b, respectively. For laminated composites the picture shows the main damage process, composed of fibres fracture in the compressive surface followed by delaminations between the TPP layers. Probably, the zigzag aspect of the curves showed in Fig. 5 results from several sequential fibre breakage events. The drop of the ultimate load is a consequence of the long delaminations and catastrophic broken fibres. For all specimens tested the fibres submitted to tensile stresses did not break and the main failure process occurs in compression.
The failure process for the hybrid laminated composites is faster in spite of the similarity with the laminate composites. The ruptures of the fibres appear first in compression region, like in the laminated composites, followed by a long delamination between the surface layers, as a consequence of the high gradients of shear and normal stresses. In this case the rupture of the fibres also occurs in tension region. In both laminates the delaminations in the interface layers have an important role on the failure process. Ferreira et al. [34] also verified the significance of the interface shear stresses, for adhesive joints with natural fibres reinforced interface layers.
The results of the fatigue tests are plotted in Fig. 7a in terms of the stress range versus the number of cycles to failure. The failure criterion was defined when the stiffness reaches 80% of the initial value. Fig. 7a shows that the fatigue strength of the laminated composites is 1.2-1.4 times higher than hybrid laminated composites. This effect was caused by the change of the failure mechanisms and is a direct consequence of the observed decrease of the static strength. 7b shows the same results in terms of the specific fatigue strength (stress range/specific mass) against the number of cycles to failure. Inspite of its lower fatigue strength HLC composite presents higher specific fatigue strength than the LC laminates. These results and the economical and ecological benefits associated with the hybrid laminates make them promising materials for structural applications where bending loadings are predominant. Fig. 8 shows the fatigue damage modes for laminated and hybrid laminated composites. Two main failure modes can be identified for laminated composites. For relatively high stress levels (Fig. 8a ) the failure is associated with fibres rupture produced by compressive stresses and the scatter of results is relatively small. On the other hand, for lower stress levels and longer lives the failure is mainly due to delamination, Fig. 8b , and fatigue life has a higher scatter level. For hybrid laminated composites the microscopy analysis (Fig. 8c) indicates that the main failure mode (fibres failure by compressive stresses), both for high and low stress levels are similar to that observed for static tests. However, for low stresses the rupture of polypropylene and natural fibres inside of the hybrid laminated composite was also observed. The microscopy analysis reveals that the faster failure mechanism was always broken in longitudinal glass fibres in the compression side of the specimen as a consequence of the low compressive strength of the fibres. To improve the understanding of this process, a finite element stress analysis was performed on the compressive and interface regions of the hybrid laminated composite specimens. Fig. 9 presents the longitudinal stresses, r 1 , the thickness direction stresses, r 2 , and Von Mises equivalent stresses, r VM , versus distance to point A, which is measured along the thickness. Point A is the contact of the specimen with the central pin. It can be seen that r 2 stresses are different from zero near contact point and r 1 stress has a linear variation that is typical of flexure distributions. However, higher values are obtained near point A resulting from contact. Between 1 and 2 mm, corresponding to the layer of PP with natural fibres, stresses are lower, which is explained by the lower elastic stiffness of this material. Therefore, its deformation is easier and it supports lower forces. The high compressive stress concentration in the pin load contact region associated with the low compressive strength of the fibres promotes the compressive broken of longitudinal fibre in this region as the early failure mechanism.
The variation in stiffness modulus during the tests was also measured experimentally. The stiffness was calculated by a linear regression of the stress-strain data. This fatigue damage parameter was plotted in Fig. 10 in terms of E/E 0 versus N/N f , where E is the current stiffness modulus, E 0 is the initial stiffness modulus, N is the current number of loading cycles and N f is the number of cycles to failure. These data show that the different laminates studied present distinct behaviour. The laminated composites (Fig. 10a ) present a significant drop of E/E 0 (4-6%) at the early stage of the fatigue life (5%); followed by a second stage, where only a slow decrease was observed until near failure, where a sudden drop of E/E 0 occurs. This behaviour is controlled by the damage occurring in the composite, being each stage associated with a defined failure mode, similarly to the observed by the authors in tensile tests [30] and by others authors [35] [36] [37] . For the hybrid laminated composites the first stage was not observed. The stiffness decreases slowly up to the last 15-20% of fatigue life, where it presents a sudden drop until failure. The absence of the first stiffness drop stage can be a consequence of the lower stress levels of the tests being not enough to produce significant creep or matrix failure, which are two important mechanisms of the early fatigue damage.
The growing of fatigue damage was also monitored using the residual strength of the laminated composites. Fig. 11 shows the residual strength (MPa) versus number of fatigue cycles. A stress range of 215 MPa was considered in this study, for which a fatigue life of 5 · 10 5 cycles was expected. Measurements of residual stress were made at 5 · 10 4 , 10 5 , 2.5 · 10 5 , and 4 · 10 5 fatigue cycles. Damage evolution was also analysed by microscopy ( Fig. 12) .
It can be observed in Fig. 11 that up to 5 · 10 4 , cycles the residual strength is similar to that observed in static tests. This behaviour indicates that no significant damage occurred in laminates, as shows Fig. 12 . Later, residual strength decreased up to about 40% of static resistance for a life of 4 · 10 5 cycles. In the SEM images of Fig. 12b-d , it is possible to observe that around 10 5 loading cycles, the rupture occurs by compression in some fibres, producing delamination and posterior propagation.
Conclusions
-Laminate composites (LC) present an ultimate strength about 4% higher than the hybrid laminated composites (HLC) associated to changes in failure mechanisms, while the stiffness' modulus was also about 3.8% higher.
Fatigue strength of hybrid laminated composites is also about 20% lower than the laminated composites as consequence of the change of the failure mechanisms and of the different static strengths. However, specific static stiffness and strength of HLC are about 22% higher than those obtained for LC material. The specific fatigue strength of HLC is also higher compared with LC specimens. -For laminated composites the main damage mechanism is the fracture of the fibres in compression. Small delaminations appeared around of the broken fibres. For hybrid laminated composites the first fibre ruptures appeared also in the compression region followed by a long delamination between the core and the skin. Finally, this delamination lead to the tensile rupture of the fibres. Failure mechanisms in hybrid laminated composites are strongly influenced by the high gradients of shear and normal stresses near the interface between the core and the skin and also by the high magnification of compressive stresses near the contact of specimen with central pin.
